The National Ignition Facility (NIF) is a MT-class glass laser-based facility funded by the Department of Energy which has achieving thermonuclear ignition and moderate gain as one of its main objectives. In the summer of 1998, the project is about 40% complete, and design and construction is on schedule and on cost. The NIF will start firing onto targets in 2001, and will achieve full 
Introduction
The National Ignition Facility (NIF) shown in Figure 1 is a 192-beam, multimegajoule glass laser facility which will be sited at Lawrence Livermore National One of the NIF's principal goals is achieving thermonuclear ignition. A high level of precision is required in laser and target performance and accuracy of calculations to achieve the demanding conditions for ignition. Based on our
Nova and Omega experience, we believe that with adequate planning and resources we will achieve ignition with x-ray drive about 2007.
The scientific basis of the NIF laser system
One of the main missions of the NIF is achieving thermonuclear ignition and moderate gain, first with x-ray driven implosions of deuterium-tritium (DT) filled capsules, and then with directly-driven implosions. Thermonuclear ignition occurs when the alpha particle deposition in the hot DT core exceeds conduction and radiative energy losses and causes significant heating, in turn increasing the alpha particle deposition. This occurs at thermonuclear output -100 kJ for the type of "hot spot" (Haan et al. 1995 , Krauser et al. 1996 , Dittrich 1996 ignition targets considered for the NIF. A near-term goal of the NIF is to achieve multi-megajoule thermonuclear outputs with one of the hot spot target designs presently being considered, which in two-dimensional and partial threedimensional calculations with beryllium ablator capsules (Dittrich 1996) produce multi-megajoule gain with about 1 MJ absorbed into a hohlraum. This beam geometry is the configuration for x-ray drive with cylindrical hohlraums, as shown at the top of Figure 2 . To increase the versatility of the facility, provision has also been made to allow the target chamber to field direct drive targets, as well as tetrahedral hohlraums (Phillion & Pollaine 1994 ) for x-ray drive.
As shown in Figure 2 , this can be achieved by moving 2 x 4 quads of beams from the inner cones and 2 x 8 quads of beams from the outer cones closer (-72" to the axis) to the equator of the target chamber. The nonuniformity of direct drive in spherical harmonic modes, modes L=l-20, will be approximately 1% for this geometry. Provision has also been made to upgrade the smoothing of the laser beams from one-dimensional smoothing by spectral dispersion (SSD) to two-dimensional SSD. This modification will probably result in a speckle smoothness for high L modes (21-500) of 2-3% averaged over the pulse. This work, and the effect of laser beam smoothing on imprinting with an ultra-smooth KrF laser, is presently being vigorously investigated on the Omega laser at the University of Rochester and the Nike Laser at the Naval Research Laboratory (Bodner, Lehmberg, & Obenschain et al. 1998 Further experiments in gas-filled hohlraum's attained 230 eV for shaped pulses (Glenzer et al. 1998 ). For ignition, drive temperatures higher than 250-300 eV would allow lower laser energies but are more difficult to achieve because the For ignition, precise symmetry control is required with a time averaged drive asymmetry (pole/equator) not exceeding 2%, because of the need to achieve a high radial shell convergence Cr (initial capsule radius/final fuel radius) in the range 30-40. On Nova, the variation with time of drive symmetry is -+15%
because there are only single "rings" of beams. Furthermore, this "ring" of beams has significant azimuthal dependence because it is made up of only 5 beams.
Consequently, an upper limit to Cr of -10 is possible on Nova for targets with NIF-like hohlraum to capsule size ratios. However, we have been able to exceed this limit in a series of experiments (HEPl), where we decreased the size of the capsule relative to the hohlraum in order to increase the level of drive symmetry (Cable et al. 1994 ). In our Cr = 10 experiments, we have also demonstrated control of time-integrated drive symmetry to -1% by adjusting the laser pointing into the hohlraum (HLP4) (Landen et al. 1996) . On NIF, the high level of timedependent symmetry control requires two rings of beams with slightly different pulse shapes, as well as a gas-filled hohlraum to reduce the motion of the x-ray emitting region. Omega with 60 beams can go half way in a geometric sense, to For hohlraum energetics, the accuracy of the measurement of x-ray drive will be improved by experiments on Omega. The issues are the closure of diagnostic holes in the hohlraum wall or the use of laser entrance holes for diagnosis. The hohlraum temperature is currently measured to an accuracy of rt5 eV, but with undesirable lower accuracy at the end of the laser pulse. In parallel, the Z machine will be used to develop and "ruggedize" calibrated soft x-ray spectrometers for the NIF.
The main issue for hohlraum energetics, apart from diagnosis, is the level of laser energy backscattered and sidescattered by the turbulent low density plasma in the hohlraum. experiments showed that beam smoothing reduces the levels of SBS and SRS in gas-filled hohlraums. As shown in Figure 3 , Nova will be used to test the exact beam smoothing by spectral dispersion (SSD) characteristics envisioned for the NIF "(-17 GHz). After the closure of Nova in the summer of 1999, the Omega laser will be used to measure the thresholds for laser plasma interactions at a function of laser intensity and smoothing scheme (Figure 3 ).
The Omega laser will be used to demonstrate symmetry control of the higher order Legendre modes (PJ, P6, Ps) to show that a high convergence implosion (Cr -20) with NIF-like hohlraum case/capsule ratio can be achieved (Figure 3 ).
Diagnostic development activities in this area will also be conducted on Omega, particularly the development of symmetry measurement techniques, at NIF-scale for the Trad -80 eV of the NIF drive pulse. there will be a strong incentive to install polarization smoothing on NIF.
The predictive capability for laser plasma interaction developed by the community is presently much less quantitative than the radiation hydrodynamic capability in codes such as LASNEX, however it will be incrementally improved before NIF operations begin. Recently, a comparison of plasma physics theory with experiments has been possible with the use of a 3-D wave-tracing code F3D (Hinkel et al. 1998 ) to quantitatively predict the onset of filamentation. This code is being modified to simulate backscattering using wave envelope methods. The goal is a quasi-predictive capability for onset of high levels of backscatter for higher intensity hohlraums with SSD and polarization smoothing on NIF.
(b) Hohlra urn svmmetrv: The x-ray drive ignition pulses typically have radiative temperature 'foots' at Trad -100 eV, lasting for -7 nsec before ramping up to a 3-4 nsec peak with Trad -300 eV. Drive symmetry is most simply represented by the Legendre harmonics PO, P2, P4, etc., where only the low orders matter because of the large hohlraum smoothing effect for high order modes. For a 30-40 fold convergence ignition implosion, the time integrated symmetry must be less than 2% in P2 with time varying swings less than 10% for 3 nsec in the foot and less than 5-10% during the peak (Haan et al. 1995) . Earlier work developed the technique of imaging the shape of the x-ray emission of an implosion, and imaging in hard x-rays the motion of the x-ray emitting area to measure drive asymmetry (Suter et al. 1994) . Another technique to measure the time dependence of the drive asymmetry is from x-ray backlit images of the ablation front in a low density witness ball placed at the center of a hohlraum (Amendt et al. 1997) . LASNEX and simple analytic scaling shows that a 10% modulation in the drive (P2/P0) produces a 2-3 pm modulation in the observable a2 (second Legendre coefficient in radius). On Nova, measurements of a2 have been made with error bars as small as 1 pm (Amendt et al. 1997) . In addition to the second Legendre coefficients the fourth, sixth, and possible eighth coefficients need to be measured and controlled to achieve ignition on the NIF. Experience gained at Nova and Omega in 1998-2001 will allow a more accurate assessment of the measurement accuracy of drive symmetry for higher order modes and control on the NIF. To be able to pick out higher modes, the low order modes must be reduced.
The Omega laser allows up to 40 beams to enter a cylindrical hohlraum (Decker et al. 1998) . Rudimentary pulse shaping control has been performed on the Omega laser by delaying the inner cones of laser beams with respect to the outer areas. In addition, significant diagnostic issues need to be addressed. New techniques for improving the quantum efficiency of gated micro-channel plate detectors (Kilkenny 1991) need to be implemented. Imaging techniques that can be used in the relatively hostile environment of the NIF target chamber must also be developed.
On Nova the level of asymmetry caused by intrinsic or random variation is greater than on NIF, principally because of the lower number of beams. Three dimensional radiation hydrodynamic simulations and experiments (Marinak 1996) show that for smooth capsules the neutron yield of high growth factors implosion on Nova should be the measured 30% of the calculated 1D yield for C, -12. The Omega laser has the capability of using 40 of its 60 beams into a hohlraum producing better symmetry than Nova (Decker et al. 1998 ). On Omega, Hugoniot measurements will be made on Nova in 1999. Final measurements will be made on NIF (Figure 3 ) to accurately determine the laser pulse shape before ignition implosions are attempted.
The choice of ablator material for the first x-ray driven ignition experiments needs to be made about -2000 because the details of the cryogenic manipulator depends on the choice of the material. We anticipate, based on experience with the cryogenic manipulator at the Omega laser, that it will take 5 years to develop, design, fabricate and test the NIF cryogenic manipulator although there is an expectation that the cryogenic manipulator on NIF will benefit from the Omega experience. Table I represents our present assessment of the issues determining the best ablator for the NIF out of beryllium, polyimide, and brominated plastic. A more quantitative assessment of these issues, as well as some possible innovative solutions, are being investigated between now and 2000 by LLNL, LANL, and General Atomics (GA).
NIF ignition diagnostics
The Nova and NIF diagnostics have much in common (Kilkenny 1992 , Kilkenny 1995 , Leeper 1998 , and much of the development work is presently complete.
The specifications and placement of the first score of the diagnostics has been agreed to by a Joint Central Diagnostic Team. The time when they will be required is determined by the program of work, however, for the ignition campaign, Figure 6 shows that the diagnostics for ignition are needed in a phased way as the complexity of the experiments to be executed increases.
To measure and adjust the synchronization of the laser beams, two x-ray streak cameras will resolve and synchronize the x-ray emission from up to 48 laser spots focused at one time onto a target. The x-ray streak cameras will be housed in manipulators (DIMS) with common interfaces with Omega and Nova manipulators, which will allow their use from different viewpoints.
The pointing and focusing of clusters of beams will be confirmed by imaging the position of x-ray spots with respect to fiducial positions with gated x-ray imagers. The gated x-ray imagers will use x-ray pinhole imaging to resolve the xray emitting spots.
The hohlraum radiation temperature will be measured by two techniques that have been successfully used on Nova. The x-ray flux escaping from a small hole in the hohlraum wall, or the laser entrance hole (Leeper et al. 1997 ), will be measured by an absolutely calibrated, broadband, time-resolving x-ray spectrometer. This instrument will either be similar to the Nova Dante system, or will use a transmission grating dispersing the spectrum onto an array of photoconductive detectors.
The radiation temperature will also be measured by the strength and speed of a shock produced in witness plates attached across a hole in the hohlraum wall.
This measurement will be made by an f/l0 ultraviolet telescope similar to the Nova Streaked Optical Pyrometer (SOP) system, with the addition of an active probing system.
Hard x-ray generation in the hohlraum will be measured by an absolutely calibrated, hard x-ray detector system.
The time-resolved drive symmetry will be measured by various surrogate witness balls and shells. The time integrated drive symmetry will be measured by the shape of the x-ray and neutron emission from imploded, full thickness capsules with x-ray emitting dopants added to gaseous deuterium fuel. The shape of the backlit witness balls and x-ray emitting cores will be measured by the time-resolved gated x-ray imagers.
The total neutron emission is an indicator of the symmetry of these implosions and will be measured by total neutron yield detectors. Figure 6 . The schedule of diagnostic implementation required for the NIF ignition plan.
